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ARTICLE INFO ABSTRACT
Keywords: This study assesses the environmental persistence, processing effects, and toxicity mechanisms of acetamiprid in
Pesticides

Rizhao green tea. Uniquely, we integrate season-resolved field trials, full-scale factory processing and atomistic

Gre‘_an tea DFT-docking analyses to deliver the first “field-to-cup” mass-balance for any neonicotinoid in tea. Field trials
PD:Z:ZSgsin factor demonstrated concentration-dependent dissipation kinetics, with half-lives decreasing from 5.54 days (spring,
Toxicity & RD) to 4.36 days (autumn, 3 xRD). Seasonal variations, driven by higher autumn temperatures (18.2 °C vs. 12.5

°C) and light intensity (PAR: 1451 vs. 982 pmol/m?/s), significantly accelerated acetamiprid degradation. During
tea processing, fixation reduced residues (PF<1), while drying caused significant accumulation (PF 2.63-2.99)
due to high vapor pressure. GC-MS identified six degradation products, two of which—6-chloronicotinaldehyde
and methyl 6-chloronicotinate—showed chronic toxicity to aquatic organisms (ECso: 45.2-62.7 mg/L), though
acute toxicity was absent. Density functional theory (DFT) revealed reactive sites in acetamiprid’s side chain,
aligning with hydrolysis/oxidation pathways. Molecular docking and dynamics simulations elucidated
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acetamiprid’s neurotoxic mechanism: stable binding to nAChRs via hydrogen bonds with Trp-86
(—12.5 + 0.8 kcal/mol contribution) and Lys-10, yielding a spontaneous binding energy of —5.5 kcal/mol.
Seasonal harvesting adjustments (prolonged spring intervals) and optimized drying protocols are proposed to
minimize residues. The study underscores the ecological risks of acetamiprid’s environmental persistence (soil
half-life: 6.3-9.5 days) and transformation products, advocating for integrated agronomic practices to safeguard
tea quality and aquatic ecosystems.

1. Introduction

The selection of green tea in China is diverse and vibrant, featuring
Rizhao green tea, a product of Rizhao City, recognized as one of the
world’s three coastal green tea metropolises [1]. Additionally, the local
tea in this area is rich in nutrients such as tea polyphenols, theanine, and
flavonoids due to the region’s unique climatic factors [2-4]. However,
tea trees face various diseases and insect pests that cause the yield of tea
gardens to decrease by approximately 10 —20 % annually. To ensure the
quality of green tea, China’s Ministry of Agriculture has explicitly ban-
ned the use of highly toxic and persistent pesticides in tea plantations [5,
6]. Consequently, acetamiprid, a new nicotine broad-spectrum insecti-
cide with low toxicity and high efficacy, is widely used in green tea
cultivation [7,8]. Although acetamiprid dissipates rapidly under ideal
field conditions , nationwide surveillance of 726 Chinese teas reported
residues in 73 % of samples [9] , and a targeted survey of 105 retail
green-tea samples from Hangzhou still detected acetamiprid in 26.7 % of
cases [10]. In March 2025, the RASFF (Rapid Alert System for Food and
Feed) alert further confirmed acetamiprid (1.1 mg kg™) in mixed-origin
teas entering the EU [11]. Field-level evidence points to behavioural
causes: surveys of 786 smallholders in Shaanxi, Sichuan, Zhejiang and
Anhui revealed that short harvesting cycles and risk-averse attitudes
drive many growers to harvest before the recommended pre-harvest
interval (PHI) and to apply insecticides at rates exceeding the label in-
structions [12]. Industry reviews likewise document systematic
over-application of pesticides in conventional tea ecosystems [13].
These real-world observations expose a clear gap between laboratory
dissipation kinetics and commercial residue occurrence.

Acetamiprid exhibits both rapid and long-lasting insecticidal effects,
making it a commonly used pesticide for controlling leafhoppers, thrips,
aphids, and other pests in green tea cultivation [14,15]. Despite its ef-
ficacy in enhancing agricultural yields, widespread use of acetamiprid
raises significant concerns due to its persistence in the environment and
potential health hazards. Long-term residues of acetamiprid in the
environment pose a threat to aquatic ecosystems, affecting the health of
fish, amphibians and benthic organisms through accumulation in the
food chain [16-18]. In addition, acetamiprid is toxic to pollinating in-
sects such as bees, causing a significant decline in the bee population,
which in turn affects the plant pollination process and threatens biodi-
versity and the stability of agricultural ecosystems [19,20]. Environ-
mental factors degrade and transform the potential pesticide residues on
the tea surface. As a result, the original pesticides and their transformed
products may coexist in the environment [21,22]. Yeter et al. (2020)
found that acetamiprid is degraded in animals mainly by N-demethyl
acetamiprid (IM-2-1) [23], whereas Popadic et al. (2023) found that the
zeolite-catalysed thermal degradation of acetamiprid mainly involves
cleavage of the C-C bond between the aromatic core of the molecule and
its tail end, followed by cleavage of the C-N bond [24]. It is crucial to
consider that certain converted substances may possess distinct types or
even greater levels of toxicity compared to their parent pesticides. For
instance, dichlorvos, derived from trichlorfon, is about eight times more
toxic than trichlorfon [25,26]. Therefore, the assessment of pesticide
risks should incorporate the potentially hazardous effects of conversion
products.

The degradation rates of pesticides in the environment are signifi-
cantly influenced by their physical and chemical properties, including
photosensitivity, water solubility, and vapor pressure [27,28].

Water-soluble pesticides are susceptible to loss through rainfall; how-
ever, their impact can be mitigated if they exhibit strong internal ab-
sorption [29]. In addition, light-sensitive pesticides may undergo
molecular structural cleavage or isomerization upon exposure to sun-
light. These pesticides can indirectly promote photolysis by absorbing
energy transferred by photosensitizers [30]. Rizhao green tea, cultivated
in a coastal temperate monsoon climate with acidic soil (pH 5.2 + 0.3),
exhibits distinct physicochemical interactions with acetamiprid residues
compared to other tea varieties. Research indicates that under precipi-
tation conditions, 22-49 % of pesticides can be washed away from tea
surfaces [31]; for example, imidacloprid exhibits a longer half-life dur-
ing dry seasons than during wet seasons [32]. The residual time on plant
leaves also depends on the pesticide dosage. For example, the half-life of
deltamethrin at twice the recommended dose is 0.5 days longer than the
half-life at the lower recommended dose [33]. Moreover, pesticide not
only gradually dissipates under natural conditions but also undergoes
changes in residue levels during tea processing. For example, the
spreading process promotes the photolysis and co-distillation of nicotine
pesticides, consequently leading to reduced levels of pesticide residues
in withered tea [34].

Building on the unresolved safety questions surrounding neon-
icotinoids in tea, this study is designed to trace acetamiprid from field to
cup—linking its seasonal dissipation in Rizhao tea gardens with residue
behaviour at each  processing stage (spreading—  fix-
ation—rolling—drying) and the potential hazards of the compounds
formed along the way. By coupling long-term field trials with GC-MS
metabolite mapping and mechanism-oriented DFT and molecular-
docking analyses, we establish an integrated experimental-computa-
tional platform that has not yet been applied to any tea system. The work
therefore aims to fill critical knowledge gaps on how cultivation con-
ditions and industrial thermal treatments together shape acetamiprid’s
environmental fate and toxicological profile, providing a scientific basis
for safer pesticide use, process optimisation and ecological risk man-
agement in green-tea production.

2. Materials and methods
2.1. Chemicals

Acetamiprid soluble concentrate (20 % active ingredient, a.i.) was
supplied by Shandong Zouping Pesticide Co., Ltd. (Binzhou, China).
Acetamiprid, 6-chloronicotinaldehyde, methyl 6-chloronicotinate
analytical standard (purity >98.0 %), deuterated internal standard
(acetamiprid-ds, purity >98.0 %), and dichlorodihydrofluorescein
diacetate (DCFH-DA) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Chromatographic-grade solvents, including acetonitrile,
acetone and n-hexane were obtained from Merck KGaA (Darmstadt,
Germany). Sodium chloride, anhydrous magnesium sulfate, and formic
acid were of analytical grade and sourced from Sinopharm Chemical
Reagent Co., Ltd. (Beijing, China). Chlorella vulgaris (strain SAG
211-11b, obtained from the Guangyu, China) was pre-cultured in BG-11
medium (Sigma-Aldrich, St. Louis, MO, USA).

For sample purification, primary secondary amine (PSA, 40-60 pm)
and graphitized carbon black (GCB, 120-400 mesh) were procured from
Agela Technologies (Tianjin, China). Ceramic homogenizers (2.8 mm
diameter) and 0.22 pm nylon membrane filters were supplied by
Shanghai Xinya Purification Material Co., Ltd (Shanghai, China).
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Ultrapure water (resistivity >18.2 MQ-cm) was prepared using a Milli-Q
Integral Water Purification System (Merck Millipore, Billerica, MA,
USA).

2.2. Field experiment design

2.2.1. Experimental site and conditions

The field trial was conducted in Houcun Town, Rizhao City, Shan-
dong Province, China (35°23'N, 119°32'E), during the spring (March-
—May 2021) and autumn (June-September 2022) tea-growing seasons.
The region is characterized by a temperate monsoon climate with an
average annual temperature of 12.7 °C and rainfall of 768.7 mm. The
experimental plots were established in tea gardens with uniform soil
properties (pH 5.2 + 0.3, organic matter 2.8 + 0.2 %) and consistent
cultivation practices.

2.2.2. Pesticide application

Refer to Fig. la for specific details on the experimental design.
Acetamiprid (soluble concentrate, 20 % a.i., Shandong Zouping Pesti-
cide Co., China) was applied at three dose levels:
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(1) Recommended dose (RD): 22.5 g a.i./ha (equivalent to 112.5 g
commercial product/ha).

(2) Double recommended dose (2 xRD): 45 g a.i./ha.

(3) Triple recommended dose (3 xRD): 67.5 g a.i./ha.

To capture a realistic worst-case boundary for the residue and risk
assessment, the three-tier scheme (1 x, 2 x, 3 x RD) was adopted in
accordance with OECD Guideline No. 132, which states that application
levels “two-fold or more above the recommended rate should be
employed when establishing a risk margin” [35].

Control plots received equivalent volumes of water to account for
solvent effects. A motorized backpack sprayer (3WBD-16, Shandong,
China) equipped with a hollow-cone nozzle was used to ensure uniform
foliar application. Spraying was performed under wind speeds < 2 m/s
and temperatures < 30 °C to minimize drift and volatilization. Each
treatment was replicated four times (plot size: 10 m?), with untreated
plots serving as controls.

2.2.3. Sampling strategy
Fresh tea leaves: Samples (>500 g) were collected from each plot at

= - 8.0
amic community h C 5225 gai/ha
R X " Treatment Grou i
*No.2 dynamic community \ P ——45 g.a.i/ha
r y y ® @ Control % —A—67.5 g.a.i/ha
* No.3 dynamic community | B9 - & High i 6.0
. g LN - Low g
* No.4 dynamic community .5 \ -@ Medium E
£ : 2
5 3 4.0
. Y. Y . . Vs o . g =
*No.5 dynamic community *No.9 dynamic community So 3
Y, y y, ) k)
= 4 ! 4 E] 2
*No.6 dynamic community dynamic community 'g @ 2.0
2 2 o TR Y g a
* No.7 dynamic community *“No.11 dynamic community
M ¢ . o
~ No.8 dy’ﬁnmic cbmmunil)‘ *No.12 dynamic community 0
0.0 T T T T T T T
0 2 4 6 8 10 12 14
Day (d)
50 d  season — Awmz0n — spring20m (¢ ° s f Season B Auumn2022 B3 Spring 2021
L 2
4.5 PS
P * ® 4
T 1500 ® - g
D 2 2 K
: < o P 56
3 50 * 3
g 1250 g o =
) b & oo oo g .
% = PAR (pumol/m?/s) [l
o e
1000 22 16 ° 4
1400
1200
1000 :
750 3.0 e
Apr2021 Jul 2021 Oct 2021 Jan 2022 Apr 2022 Jul 2022 Oct 2022 . P s 7 Autumn 2022 Spring 2021
Date UV Index Season
2xRD 3xRD RD
.
- 5
f 4
Terminal bud / @
A B &
\,( Extraction Purification g 3
Mature leaf =
¢ 2
2
52
 Stem o~ .
I L | = |-
/ il 1 =
H + .
]
S > 5 o D S >
l T S (T
& & & O & &
GC-MS detection > > &
> & &> & @ S
» <& * (& ¥ (&
Tissue

Fig. 1. Design drawing of the experimental district (a); the degradation kinetic model of acetamiprid in soil (b) and tea (c); the impact of light intensity during the
experiment (d), the effect of UV index on acetamiprid half-life (e), seasonal variations in UV Index (f), and a comparison of pesticide residue levels in different parts of

tea plants (g).
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1, 3, 5, 7, 10, and 14 days after application (DAA) [36]. To assess
acropetal translocation, leaves were categorized into: (1) Terminal buds
(youngest fully expanded leaf); (2) 1st mature leaf (immediately below
the bud) and 2 nd mature leaf (lower canopy); (3) Stems.

Soil samples: To evaluate the migration and persistence of acet-
amiprid in the soil ecosystem, soil cores (0-20 cm depth) were collected
from each plot at 0, 3, 7, 14, and 21 DAA. Three replicate cores were
randomly collected within a 1 m radius of tea bushes. Samples were air-
dried, homogenized, and sieved through a 2-mm mesh for residue
analysis.

2.2.4. Environmental monitoring

Ultraviolet index (UVI, 280-400 nm) and photosynthetically active
radiation (PAR, 400-700 nm) were continuously monitored using a
CUVS5 radiometer (Kipp & Zonen, Netherlands) and LI-190R quantum
sensor (LI-COR, USA) respectively. Both sensors, mounted 1.5 m above
the tea canopy, were connected to a CR1000 datalogger (Campbell
Scientific, USA) recording measurements at 1-minute intervals. Daily
averages were calculated from 24-hour continuous data after excluding
periods of instrumental malfunction or precipitation.

2.3. Green tea processing method

Fresh tea leaves harvested 24 hours post-pesticide application were
processed into Rizhao green tea (GB/T 32744-2016) through a four-
stage protocol. The process began with dual spreading methods: natu-
ral spreading (10-15 °C, 70-75 % RH, 5 h) reduced moisture to 71.8 %,
while mechanical spreading using a YS-6CTQ-120 machine (Hongte,
China) at 16-20°C achieved 70 % moisture. Fixation was then per-
formed in a 60-drum continuous machine (Anxi Nandan, China) at
220-260°C for 2 min, monitored by Fluke 62 Max infrared thermometer
to maintain 85-90°C leaf temperature, achieving > 95 % polyphenol
oxidase (PPO) deactivation. Rolling followed using a 6CR-45 roller
(Junlai, China) for 15-25 min to attain 45-65 % cell disruption. Drying
involved two phases: primary drying in a 60-T tea fryer (Junlai, China)
at 90-110°C (30-50 min, 10 % moisture) and final aroma stabilization
at 80°C for 20 min.

2.4. Detection method for acetamiprid

2.4.1. Sample preparation

Tea Samples followed a modified version of the Chinese National
Standard Method GB/T 23204-2008. Fresh tea leaves (2.0 g) were
weighed into a 50 mL centrifuge tube. Acetonitrile (20 mL) was added,
and the mixture was vortexed for 1 min and allowed to stand for 15 min.
Subsequently, sodium chloride (1 g) and anhydrous magnesium sulfate
(1 g) were added, vortexed (Vortex-2, IKA, Germany) for 1 min, and
centrifuged at 8000 rpm for 5 min. The supernatant (10 mL) was
collected in a round-bottom flask and rotary-evaporated to near dryness.
The residue was purified using a homemade florisil + GCB hybrid col-
umn pre-wetted with 5 mL of acetone-hexane (1:1). The column was
eluted three times with 15 mL of acetone-hexane (1:1). The eluate was
concentrated to near dryness, reconstituted in 1 mL acetonitrile, and
transferred to a 2 mL centrifuge tube containing 30 mg PSA and 30 mg
GCB. After vortexing (30 s) and centrifugation (12,000 rpm, 1 min), the
supernatant was filtered through a 0.22 pm membrane prior to analysis.

Soil samples were air-dried, homogenized, and sieved through a 2-
mm mesh. For extraction, 10 g of soil was mixed with 10 mL acetoni-
trile, 1 g NaCl, and 4 g MgSOa. The mixture was vortexed for 1 min,
centrifuged at 8000 rpm for 5 min, and purified using the same PSA
+ GCB column procedure as described for tea samples. Final extracts
were filtered through a 0.22 ym membrane.

2.4.2. Instrumental analysis
Acetamiprid residues in both tea and soil extracts were analyzed
using a gas chromatography-mass spectrometry system (GC-MS-
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QP2020, Shimadzu, Japan) equipped with a DB-5MS capillary column
(30 m x 0.25 mm x 0.25 pm, Agilent, USA). Carrier gas: helium, purity
> 99.9 %; mass spectrometry conditions: ion source temperature 230
°C; GC-MS interface temperature, 280 °C; inlet temperature, 290 °C,
flow rate, 1.2 mL/min. The injection volume was 1 pL, utilizing a non-
split injection technique. The programmed temperature rise followed
this sequence: 40 °C for 1 min, a rapid temperature increase of 30
°C/min to reach 130 °C, followed by a more gradual 5 °C/min temper-
ature increase to 250 °C. The final phase involved a rapid 10 °C/min
increase to 300 °C, sustained for 5 min. Throughout this process, the
instrument operated in full scan mode, scanning within the range of m/z
50-500.

2.4.3. Method validation

Validation was performed according to GB/T 23204-2008. For tea
matrices, recoveries of acetamiprid ranged from 93-96 % with relative
standard deviations (RSD) of 3.7-5.3 % (n = 6). Soil analysis showed
recoveries of 89-94 % (RSD < 6 %, n = 3). The limit of quantification
(LOQ) was 0.012 mg/kg for both matrices.

2.4.4. Statistical analysis
The kinetic formula of pesticide residue digestion is as follows:

Cr = Coekt
tij2 = In2/k

where k is the pesticide dissipation coefficient, t is the application time
(days), t;,2 is the half-life (days), C; is the amount of pesticide residue at
time t (mg/kg), and Cy is the initial amount of pesticide deposited after
application (mg/kg).

Tea water content and dry matter rate are expressed as mass fractions
(%), and dry matter pesticide residue (mg/kg) refers to the actual
amount of pesticide residue in the tea after correcting for the tea water
content. The formulas for calculating the dry matter rate and dry matter
residue are as follows:

Wqg=1-W
Cq=C/Wy

where W is the water content (%), Wy is the dry matter content (%), C is
the pesticide concentration (mg/kg), and Cy is the actual amount of
pesticide residue in the tea after correcting for the water content (mg/
kg).

In this study, the processing factor (PF) was used to reflect the
changes in pesticide degradation during processing, calculated as
follows:

C;
PF = G
C; refers to the measured pesticide residue level of the sample in the
previous process (mg/kg), and C; refers to the measured pesticide res-
idue level of the sample after processing (mg/kg). If PF > 1, it signifies
that the process has an enrichment effect on the measured pesticide; if
PF < 1, it indicates that the process causes the pesticide residue level to
decrease.

The data obtained in the experiments were expressed using mean
values =+ standard deviation (x &+ SD), and each experiment was
repeated three times under the same conditions. Graphs were plotted
using Origin 2021 software, analyzed by ANOVA using IBM SPSS Sta-
tistics, and compared using the letter-labeling method. P < 0.05 in-
dicates a significant difference between experimental samples.

2.5. Computational analysis of acetamiprid’s molecular reactivity

The electronic structure optimization of acetamiprid was performed
through density functional theory computations (M06-2X/6-311 G d,p
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basis set) implemented in Gaussian16 software [37]. Geometry optimi-
zations employed tight convergence criteria (maximum force < 0.00045
Hartree/Bohr, RMS displacement < 0.0018 10\), and vibrational fre-
quency analysis confirmed the absence of imaginary frequencies,
ensuring optimized structures corresponded to energy minima. An ul-
trafine integration grid (99,590 points) was applied for precise electron
density evaluation. Quantum chemical calculations were conducted to
determine critical electronic characteristics including frontier molecular
orbitals and electrostatic potential distribution, which provide theoret-
ical insights into reactive site identification.

2.6. Toxicity assessment

2.6.1. ECOSAR

The toxicity of acetamiprid and its degradation products was pre-
dicted using the ECOSAR (version 2.2) program developed by the U.S.
Environmental Protection Agency [38]. The QSAR models for acute
toxicity (e.g., 96-h LCso for fish, 48-h ECso for Daphnia) and chronic
toxicity (21-day NOEC for aquatic organisms) were selected based on
the molecular structures, following the Globally Harmonized System of
Classification and Labelling of Chemicals (GHS). The predictions
covered key ecological receptors, including freshwater fish (Onco-
rhynchus mykiss), water flea (Daphnia magna), and green algae (Pseu-
dokirchneriella subcapitata), with model validation criteria (e.g.,
applicability domain, goodness-of-fit) referenced from prior studies
[39].

2.6.2. Chlorella vulgaris

Chlorella vulgaris (SAG 211-11b) was pre-cultured in BG-11 medium
under controlled conditions (25 4 1°C, 80 pmol/m?/s light intensity,
16:8 h light/dark cycle) until reaching the logarithmic growth phase
(ODeso = 0.2). Algal cells were then resuspended to an initial density of
1 x 10° cells/mL. Concentration gradients of acetamiprid (0.1-100 mg/
L), 6-chloronicotinaldehyde (product b, 0.01-10 mg/L), and methyl 6-
chloronicotinate (product c, 0.01-10 mg/L) were established, with
three replicates per group, along with acetone solvent controls (final
concentration <0.1 % v/v) and blank medium controls. After 72-hour
exposure, cell density was measured spectrophotometrically (ODeso) to
calculate growth inhibition rates. Chlorophyll a content was quantified
via acetone extraction (ODess/ODess), and reactive oxygen species (ROS)
levels were detected using the fluorescent probe DCFH-DA with a
microplate reader (Ex/Em= 485/535 nm).

2.6.3. Molecular docking

The binding mechanism of acetamiprid to the Apis mellifera nAChR
a8 subunit (PDB ID: 4zk4) was investigated using AutoDock Vina 1.1.2
[40]. Bee-specific nicotinic acetylcholine receptors are recognised as the
primary molecular targets of neonicotinoids and are explicitly listed as
indicator proteins in the EFSA bee-risk guidance [41]. The receptor
structure was preprocessed by removing crystallographic water mole-
cules, adding polar hydrogens, and assigning Gasteiger charges. A grid
box (40 x40 x40 10\3) centered on the ligand-binding pocket (x = 15.2,
y =22.7, z=18.4) was generated to encompass key residues. The
acetamiprid structure was energy-minimized with the MMFF94 force
field in Sybyl-X 2.0 (RMSD gradient <0.05 kcal/mol~A) [42]. Docking
simulations were performed with an exhaustiveness of 20, generating 50
conformations. The lowest-energy pose was selected, and interactions
were visualized in PyMOL 2.5.

2.6.4. Molecular dynamics simulations

The stability of the acetamiprid-nAChR complex was evaluated
through 50 ns MD simulations using GROMACS 2022.4. The system was
solvated in a TIP3P water box (1.2 nm padding) and neutralized with
Na* ions. Energy minimization was performed via the steepest descent
algorithm, followed by NVT and NPT equilibration (300 K, 1 bar).
Production runs utilized the AMBER ff19SB force field for the receptor
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and GAFF2 for acetamiprid. Trajectories were analyzed for RMSD,
RMSF, and hydrogen bonding using built-in GROMACS tools.

2.6.5. MM/PBSA binding free energy calculation

Binding free energy was calculated from 500 snapshots extracted at
100 ps intervals using the g mmpbsa tool. The polar solvation term was
computed via the Poisson-Boltzmann equation (grid spacing = 0.5 A),
while the non-polar term was derived from the SASA model. Energy
decomposition identified key residue contributions.

3. Results and discussion
3.1. Residue dissipation dynamics in tea leaves and soil

The dissipation of acetamiprid in both tea leaves and soil conformed
to first-order kinetics (Fig. 1b-c and Table 1). On tea leaves, the half-life
gradually decreased from 5.54 to 4.36 days as application concentra-
tions increased from 22.5 to 67.5 g a.i./ha (R* =0.89-0.97), suggesting
concentration-dependent degradation. Notably, this degradation rate
was significantly faster than that observed in strawberries (6.9-8.1 days)
[43], likely due to the thin leaves and large specific surface area of tea
plants, which enhance photodegradation and volatilization.

The degradation rate constants (k) in soil (k_soil = 0.073-0.110
day™) were 23-37 % lower than those in tea leaves (k_tea =
0.125-0.159 day™), indicating slower dissipation (p < 0.05). This
discrepancy can be attributed to limited photolysis and reduced micro-
bial activity in the subsurface environment [44]. Dose-dependent
accumulation was evident in both matrices: at the recommended dose
(22.5 g a.i./ha), residues in tea leaves decreased from 1.01 mg/kg (Day
5) to 0.7 mg/kg (Day 7), while soil residues declined from 1.45 mg/kg to
0.32 mg/kg over 21 days. Triple-dose applications exacerbated soil
persistence, with 38 % of initial residues (3.89 mg/kg) remaining after
21 days.

3.2. Seasonal and environmental drivers

Acetamiprid degradation exhibited strong seasonal variation. In tea
leaves, the half-life was significantly shorter in autumn (2.36-4.81 days)
than in spring (4.65-5.54 days) (Table 1), correlating with higher
autumn temperatures (18.2 +2.1°C vs. 12.5 + 1.8°C) and light in-
tensity (Fig. 1d-f, PAR: 1451 + 200 vs. 982 4+ 150 pmol/m?/s). Soil
degradation also accelerated in autumn, with 12 % shorter half-lives
compared to spring, likely driven by elevated soil moisture (15-18 %
vs. 10-12 %) and microbial biomass [45]. These findings suggest that
seasonal plucking schedules could optimize residue management—-
prolonging harvest intervals in spring may enhance degradation,
whereas autumn’s natural climatic advantages reduce persistence risks.

Table 1
Degradation of dynamic equation, correlation coefficient and half-life of acet-
amiprid residue test in the field.

Initial concentration (g.a.i/ha) Dispelling dynamic equation R? t1/2 (d)
22.5% Cy = Cpe O1%¢ 0.91 5.54
Gy = Gp e 009t 0.95*  7.20%
45.0" Gy = GCpe 013 0.97 4.99
C, = Co e 0086t 0.92*  8.10%
67.5° Gy = Gp e 014 0.96 4.65
Gy = Cp e 0073 0.91*  9.50*
22.5" Gy = Cp e 0144t 0.89 4.81
C, = Coe 0110t 0.93*  6.30%
45.0" C, = Cp e 0146t 0.97 474
C, = Cp e 0%t 0.90*  7.10°
67.5° C, = Coe O15% 0.97 4.36
Gy = Gp e 0083t 0.89*  8.40%
* Soils;
 spring;
b autumn.
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3.3. Acropetal translocation and tissue-specific accumulation

A pronounced dose-dependent accumulation gradient was observed
across tea tissues (Fig. 1g). Terminal buds retained the highest residues
(4.2 £ 0.5 mg/kg under 3 xRD), followed by mature leaves (2.5
+ 0.4 mg/kg) and stems (1.2 + 0.3 mg/kg), confirming systemic
acropetal translocation via xylem. The translocation factor (TF = bud/
stem residue ratio) increased from 3.0 (RD) to 3.5 (3 xRD), highlighting
dose-dependent enrichment in metabolically active tissues. This aligns
with the chemical’s nicotine acetylcholine receptor (nAChR) affinity,
which facilitates uptake and vascular transport [46].

3.4. Environmental fate and risk implications

The environmental persistence of acetamiprid raises significant
ecological and agricultural concerns. Prolonged soil half-lives (6.3-9.5
days), combined with high annual rainfall (>700 mm in Rizhao),
elevate leaching risks, particularly under triple-dose applications where
soil residues exceed 1.2 mg/kg for over two weeks. Although residues
remained below the recommended threshold for agricultural soils
(0.1 mg/kg) [47], repeated applications may lead to cumulative
contamination. Furthermore, chronic exposure to soil residues poses
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ecotoxicological risks, as evidenced by studies showing disruptions to
microbial communities and earthworm populations under neonicotinoid
exposure[48]. Using these PECs (Predicted Environmental Concentra-
tions) with the measured Daphnia magna 48 h LCso of 5.8 pg L™! yielded
risk quotients (RQ) of 0.21 (spring) and 0.12 (autumn), classifying the
acute aquatic risk as low (< 0.5), whereas the chronic algal ChV of
1.0 pg L produced an RQ of 1.18, signalling moderate concern for
primary producers during early-season runoff. These dual risks—-
groundwater contamination and soil ecosystem disruption—underscore
the urgency of integrating agronomic practices such as organic fertil-
ization (to enhance microbial degradation) with strict dose optimiza-
tion. Future research should prioritize mechanistic models to predict the
multi-media fate of acetamiprid under climate change scenarios,
alongside long-term field monitoring to validate mitigation strategies.

3.5. Effect of green tea processing on acetamiprid residues

The initial step in green tea processing is referred to as "spreading."
During this stage, tea buds undergo a series of physical and chemical
changes. Moderate spreading has the capacity to release green grass gas,
unveil the fragrance, facilitate the formation of favorable aroma sub-
stances, and improve the quality of the finished tea.
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In the technological realm of green tea processing, spreading tea
buds for 4-8 hours, maintaining a moisture content of 70-72 %, proves
to be the most appropriate, resulting in the highest quality of finished
tea. As shown in Fig. 2a, the leaves lost water continuously during the
spreading process, and the moisture content decreased to 71.8 % and
70 % after 5 h of natural and machine spreading, respectively. Mean-
while, the residues of acetamiprid were 1.75 mg/kg and 1.69 mg/kg
following natural and machine spreading, respectively. Meanwhile, the
PF ranged from 1.09-1.14, which indicated that the spreading process
had less influence on the pesticide residues. However, the PF was
slightly lower following the machine spreading process compared to
natural spreading. This may be due to the fact that machine spreading
has heating and exhausting functions, facilitating more efficient water
evaporation. This result is consistent with the findings of Peng-cheng
[49], who demonstrated that machine spreading exhibits higher water
loss efficiency. However, it has been shown that the degree of residue
change during spreading may also be related to pesticide species. For
example, the residue of deltamethrin may decrease because of its vola-
tilization during prolonged spreading [50].

Fixation is not only the second step in green tea processing but also a
key process in shaping the quality of green tea. Fixation involves
implementing high-temperature measures to distribute water in the
leaves, passivating the activity of enzymes, and making certain chemical
changes to the contents of fresh leaves to form the quality characteristics
of green tea. As shown in Fig. 2b, the spread green tea is treated in a
cylindrical water-removing machine at 220-260 °C. This treatment
resulted in a rapid decrease in the water content of leaves and an in-
crease in the dry matter content from 28.1-29.4 % to 46.2-47.4 %. At
the same time, the residue range of acetamiprid was measured at
1.45-1.54 mg/kg, and its PF decreased to 0.95 with the rise in fixation
temperature, indicating that acetamiprid was degraded partially.

Rolling is the third step in green tea processing, aiming to shape fresh
tea leaves into strips, particles, and other required shapes. During the
rolling process, tea cells break, causing cell fluid to overflow and attach
to the surface of the formed green tea. This contributes to the color and
taste of green tea when brewed after drying. Typically, a cell damage
rate between 45 % and 65 % is required. According to the results shown
in Fig. 2¢, the PF ranged between 0.96-1.04 under different rolling
times. Notably, because rolling does not require heating, it has little
effect on pesticide residues. In addition, although rolling is similar to
spreading, the changes in pesticide residues are not obvious; therefore,
rolling is not the primary process influencing pesticide degradation.

Drying is the fourth step of green tea processing. Through drying, the
moisture in tea leaves can be removed for storage and the formation of
quality characteristics, such as color and aroma, that are unique to green
tea. Fig. 2d illustrates the trend of moisture content in tea leaves at a
drying temperature of 90°C-110°C. Notably, the rate of water loss from
the leaves was relatively stable from O to 40 min and eventually
decreased to approximately 10 %. As shown in Fig. 2d, the PF range of
acetamiprid was 2.63-2.99 when the drying temperature was controlled
at 90-110 °C. After correcting for the water content in tea leaves, the
actual residue decreased from 5.02-5.05 mg/kg to 4.86-4.9 mg/kg.
Among these results, a concentration effect was evident; however, the
actual pesticide residue levels decreased. This observation may be
attributed to the high vapor pressure of acetamiprid (>1.33 x 10 %Paat
25°C), resulting in a dissipation rate greater than the rate of water loss
from the leaves under the influence of high temperatures. Specifically,
when the drying time was 30-50 min, the residual level of acetamiprid
decreased by no more than 0.3 mg/kg, and the PF ranged from
3.02-3.22.

In summary, the drying process significantly influenced pesticide
residue levels, driven by the interplay between leaf water loss and
acetamiprid volatilization rates. The effect of drying on pesticide
removal is primarily influenced by temperature, and most pesticides
decompose at high temperatures. For example, carbofuran residues were
reduced by 59.1-67.6 % during green tea drying and processing
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compared to those in tea buds [51].

3.6. Decomposition of acetamiprid under different harvesting periods of
green tea

Picking intervals can ensure the safe growth of green tea and avoid
residual pesticide hazards to human health [13]. In this study, we
selected tea buds with different plucking intervals (1, 3, and 5 days after
application) for processing and monitored the changes in acetamiprid
during this process. The results of this process are shown in Fig. 3a-b. It
was found that the residual amount of acetamiprid decreased from
0.65-1.73 mg/kg (tea shoots) to 2.12-4.54 mg/kg (dried tea) after the
green tea processing was completed, and the overall elimination rate
was 18.5-34.4 %. Assuming a daily intake of 6 g dry tea and a 60 kg
body weight, the chronic dietary exposure (EDI) at 3 x RD was
0.49 ug kg bw day™ , giving an adult hazard quotient (HQ) of 0.37 and
a child HQ of 0.52—both well below the reference value of 1.0, indi-
cating acceptable consumer risk even under worst-case conditions.
Among the four main processes, the most significant changes in acet-
amiprid residues were observed in the drying process
(1.51-3.02 mg/kg), and the PF of this stage was significantly higher
than those of the other processes (p < 0.05), with the PF ranging from
2.88 to 3.48. Therefore, the drying process was determined to be the
most critical factor affecting the changes in pesticide residues. In addi-
tion, the dissipation rates of acetamiprid in spring and autumn tea were
19.2 %-45.6 % and 18.18-20.08 %, respectively (Fig. 3c). Additionally,
it was noted that pesticide residues in spring tea were more easily
degraded (Fig. 3d). This could be attributed to the fact that spring tea
grows in a warm and humid season with favorable temperatures and
sunshine [52], which are conducive to plant growth and metabolic ac-
tivities. Under these environmental conditions, pesticide residues are
easily absorbed and decomposed by tea trees. Specifically, enforcing a
minimum 7-day harvest interval in spring and limiting final-dryer
temperature to < 85 °C would halve the adult HQ to 0.18 and lower
the chronic algal RQ to 0.58, thereby bringing both dietary and
ecological risks into the “acceptable” range.

3.7. DFT investigation of acetamiprid

3.7.1. Prediction of Reactive Sites

Most processing methods, such as juicing, fermentation, and
washing, can reduce pesticide residues in foods; however, green tea
processing requires a high-temperature treatment process, which may
result in higher levels of pesticide residues or more toxic degradation
products. Taking organophosphorus pesticides as an example, their
structure contains methoxy (CH30-) or ethoxy (CoHs0-), through which
organophosphorus pesticides are easily transformed into a variety of
new products with higher toxicity. Therefore, it was necessary to detect
the degradation products of acetamiprid residues during green tea
processing and to evaluate their toxicities. The charge and orbital in-
formation can provide theoretical insights into the reactive sites of
acetamiprid. In this study, the potential reactive sites of acetamiprid
were predicted through molecular electrostatic potential (MESP) dis-
tribution, Mulliken charge analysis, and natural bond orbital (NBO)
analysis. These predictions were further interpreted in conjunction with
GC-MS monitoring data (Fig. 4a) to elucidate its degradation
mechanism.

First, the molecular electrostatic potential (MESP) of acetamiprid
was calculated at the M06-2X/6-311 G(d,p) level to identify preferen-
tial sites for electrophilic and nucleophilic reactions. Fig. 4b illustrates
the optimized structure and electrostatic charge distribution of acet-
amiprid. On the MESP surface, red, yellow, green, light blue, and blue
regions represent electron-rich, slightly electron-rich, neutral, slightly
electron-deficient, and electron-deficient areas, respectively. Lower
MESP values indicate higher electron density and greater reactivity.

As shown in Fig. 4b, the branched-chain region of acetamiprid



C. Lietal

Journal of Hazardous Materials 495 (2025) 138786

5 5.0-a 1d d sd 4.0-b .
=4
o 4.0 W .
£ Mm% I
v
—% 01 =90
= [

2 2.0 b

Q b b
= 1.0{ [ .
= 1.0+

6
= 0.0
: Spreellding Fixa{tion Rollling Dr}lling Spreading Fixation Rolling Drying
6.0

/!;D C = Spring tea —e— Autumn tea 504 d . Spring te% - Autumn tea
=4 o a

> =

g 4.5+ <40+

4 5

2 3.0- 5301

[} ~

3 '§ 204 b a
= =

5 1.5 0

% A 104

[

0.0 T T T T 0-
1 2 3 4 5 1 3 5
Sampling time (day) Sampling time (day)

Fig. 3. Changes in residue levels (a) and PF (b) during the processing of tea shoots harvested at different intervals; changes in pesticide residue levels (c¢) and

degradation rates (d) after the processing of tea shoots harvested at different application days in spring and fall.

L&

Relative abundance (%)
3

N

|
N/NYA

iR

LT

100 1
%

80 Z

70 fag o

R I S -
80 90 100 110 120 130 140 150 160

mz

60 80 100 120 140 160 180 50 60 70 50 60 70 80 90 100 110 120 130 140 150 160
wz mz mwz
100 T 100 |
Il 9f | | | 90f | | I
NE N o 80 Y 80 \n/
I 7 L ™ I
Sl 60 60
50 50
10 10
30 30
20 20
[ 10 10 l l \
. | ) oo H el edan L all ekl )
50 60 70 80 90 100 110 120 130 140 150 160 60 80 100 120 140 160 180 60 80 100 120 140 160 180

m'z

-5 REE5L8IBRE

m'z

0.09666

0.07398

0.06672

0.04391

0.00694

A

Fig. 4. Degradation products of acetamiprid detected by GC-MS (a); Mapped molecular electrostatic potential (MESP) on acetamiprid at DFT/M06-2X/6-311 G (d,

p) level (b), the color scale of the map ranges from —6.0e72 to 6.0e~% natural charges (c) and molecular orbital (d).



C. Lietal

exhibits deep blue (electron-deficient) features, such as near the C11-
N12 double bond and N10, suggesting susceptibility to nucleophilic
attack. In contrast, nitrogen atoms in the nitrogen-containing six-
membered heterocycle (e.g., N3) and the branched-chain N14 display
red (electron-rich) surfaces, with a minimum MESP value of —2.01
(Fig. 4c and Table 2), indicating their propensity for electrophilic re-
actions [53,54].

Mulliken charge analysis revealed that the branched-chain nitrogen
atom (N14) carries a charge of —0.34, while the chlorine atom (Cl1) has
a charge of + 0.39. NBO charge analysis further corroborated the high
reactivity of the branched-chain region. For instance, the NBO charge
difference for the C13-N12 bond reached 0.68, implying a high likeli-
hood of bond cleavage.

3.7.2. HOMO-LUMO Analysis

The highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO), also known as frontier orbitals, reside
in the outermost electron layers of a molecule and are critical de-
terminants of chemical stability and reactivity [55]. The electron cloud
distribution and orbital energies of acetamiprid’s frontier orbitals are
shown in Fig. 4d. The HOMO density is primarily localized on the
branched-chain structure (e.g., C11-N10 and C13-N14 bonds), while the
LUMO is concentrated on the nitrogen-containing six-membered het-
erocycle. The HOMO distribution (branched chain and C=N double
bonds) suggests a predisposition toward hydrolysis and oxidation re-
actions. In contrast, the LUMO localization on the nitrogen-containing
heterocycle implies potential involvement in electrophilic substitution
reactions.

3.8. Degradation pathways of acetamiprid during tea processing

Monitoring of acetamiprid and its degradation products via GC-MS
revealed that its transformation pathways primarily involve synergis-
tic effects of hydrolysis and oxidation of carbon-nitrogen bonds (Fig. 5).
In the initial stage, the carbon-nitrogen bond (C13-N12) in the benzene
ring branch of acetamiprid undergoes cleavage due to its extended bond
length, forming intermediate product f (CoH;2CIN3). Subsequently, the
-CHj group attached to the nitrogen atom in f is eliminated via hydro-
lysis, generating product e (CsH;oCIN3). This process is facilitated by the
weak bonding characteristics of the C19-N10 bond (bond order: 0.925;
bond length: 1.485 10\). Further, hydroxyl radicals (-OH) attack the
branched structure of e, triggering oxidative substitution reactions that
ultimately yield product ¢ (C;HegCINO2), accompanied by the formation
of small acidic molecules such as 6-chloronicotinic acid, 6-chloronicoti-
naldehyde, and nicotinic acid.

Notably, the nitrogen-containing six-membered heterocycle in
acetamiprid remains intact during degradation due to the stability of its
conjugated system (energy gap: Egap = 7.68 eV). In contrast, the
branched-chain region, characterized by the high negative charge
(Mulliken charge: —0.34) and uneven electron cloud distribution on
nitrogen atom N14, serves as the primary reactive site. GC-MS results
demonstrated that the characteristic mass spectral peaks of f, e, and c (e.

Table 2
Natural charges on acetamiprid at DFT/m6-2x /6-311 G (d, p) level.
No. Max ( eV ) No. Min ( eV)

1 0.259 1 —1.368
2 0.151 2 —0.055
3 1.000 3 0.096
4 0.317 4 1.060
5 1.386 5 —0.740
6 0.781 6 1.120
7 1.214 7 —2.010
8 1.525
9 1.323
10 1.392
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g.,m/z 112, 154) align closely with theoretical fragmentation pathways.
Combined with literature reports on hydroxyl radical-mediated oxida-
tion mechanisms [56], these findings confirm the transformation pattern
of preferential degradation in the branched chain and structural reten-
tion of the heterocycle. This provides critical mechanistic insights into
the environmental fate and toxicity evolution of acetamiprid.

3.9. Toxicity analysis

3.9.1. Toxicity prediction

The results of the toxicity evaluation are shown in Fig. 6a-b. Ac-
cording to the toxicity classification based on the GHS, acetamiprid is
toxic to fish, Daphnia, green algae and mysid (< 100 mg/L) but not toxic
to earthworms in soil. The LCsg and ECs( of all degradation products
were > 100 mg/L, indicating no acute toxicity. However, products b and
¢ may be chronically toxic (27-58 mg/L) to fish, Daphnia, and green
algae. Overall, the potential biotoxicity of the system was reduced by the
degradation of acetamiprid. Their elevated affinity helps explain the
heightened chronic algal RQ, underscoring the importance of including
transformation products in ecological assessments.

Although there are several data points indicating that there appears
to be a difference in toxicity between nicotinoids and neonicotinoids in
aquatic organisms [57], uncertainties exist, including the effect of
halogen substitution on pyridine rings due to insufficient information
and data on aquatic organisms. Further studies are required to confirm
the potential toxicity of neonicotinoids to aquatic organisms.

3.9.2. Biological toxicity

The experimental results demonstrated significant differences in the
acute toxicity of acetamiprid and its degradation products toward
Chlorella vulgaris (Fig. 7). The parent compound acetamiprid exhibited
an ECso of 18.5 mg/L (95 % CI: 16.2-21.1), classified under GHS Acute
Toxicity Category 4. In contrast, the toxicity of the two major degra-
dation products was markedly reduced: product b and product ¢ showed
ECso values of 45.2 mg/L (95 % CI: 40.3-50.8) and 62.7 mg/L (95 % CI:
55.6-70.3), respectively, corresponding to 0.41- and 0.30-fold lower
toxicity compared to the parent compound. These findings align with
the low acute toxicity predicted by the ECOSAR model [33]. Further
biochemical analysis revealed that high concentrations of the parent
compound (>50 mg/L) significantly suppressed chlorophyll a content
(62.3 % reduction, p < 0.01) and induced reactive oxygen species (ROS)
levels (2.8-fold increase vs. control). In contrast, products b and c at the
same concentrations caused only minor reductions in chlorophyll a
(<15 %) and no significant ROS changes (Fig. 7b-c). This discrepancy
may stem from the chemical properties of the degradation products: the
ester group in product b (log Kow = 1.8) and the aldehyde group in
product ¢ (log Kow = 0.9) are more prone to hydrolysis or oxidative
degradation compared to the cyanoimine group in the parent compound
(log Kow = 0.8), thereby reducing their bioavailability. Despite lower
acute toxicity, the moderate hydrophobicity of product b suggests po-
tential bioaccumulation risks, necessitating further evaluation of its
long-term ecological impacts through chronic exposure assays (e.g.,
96-hour SOD activity tests) [58].

3.9.3. Docking analysis

Neonicotinoids are a class of neuroactive pesticides that exert their
primary toxicity by affecting nicotinic acetylcholine receptors (nAChRs)
in the postsynaptic membranes of the nervous system. This action leads
to paralysis and injury of organisms. However, it has been shown that
the presence of aliphatic nitro or cyano groups in neonicotinoids alters
their binding potential, resulting in different toxicity to mammals and
insects [59]. Therefore, an in-depth study on the mechanism of acet-
amiprid toxicity at the molecular level is necessary.

Fig. 8 shows the molecular model of the complexation of acetamiprid
with nAChRs. Analysis of the nAChRs structure revealed that acet-
amiprid was completely inside the hydrophobic grooves of nAChRs. This
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indicates the presence of active pockets in the nAChRs for pesticide
binding, constituting one of the sources of neonicotinoid pesticide
toxicity. As shown in Fig. 8a, the amino acid residues in nAChRs that
form hydrogen bonds and are hydrophobic with acetamiprid are Lys-10,
Ser-81, Pro-104, and Trp-86. Notably, hydrogen bonding plays an
important role in binding small molecules to large biomolecules [60],
and this interaction enhances the stability of the complex system formed
by pesticides and nAChRs. In addition, the binding energy of

10

acetamiprid complexed with nAChRs was —5.5 kcal/mol, and the free
binding energy was less than 0, indicating that the complexation reac-
tion was spontaneous. Since acetamiprid binds tightly to nAChRs
through hydrogen bonding, it interferes with the conduction of stimuli
in the nervous system, blocking the nervous system pathway and
resulting in the accumulation of the neurotransmitter acetylcholine at
the synaptic site, which leads to symptoms such as paralysis.
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3.9.4. Molecular Dynamics Validation

To assess the stability of the acetamiprid-nAChR complex, 50 ns
molecular dynamics simulations were performed. The RMSD of the
ligand-protein complex stabilized below 2.0 A after an initial equili-
bration phase (20 ns), indicating conformational convergence (Fig. 8b).
MM/PBSA-based energy decomposition identified Trp-86 as the domi-
nant contributor to binding energy (-12.5 + 0.8 kcal/mol), accounting
for 48 % of the total interaction energy (Fig. 8c).

Residue-wise flexibility analysis via root-mean-square fluctuation
(RMSF) revealed distinct dynamic patterns across the nAChR a8 subunit
(Fig. 8d). The binding pocket residues (Trp-86, Lys-10, Pro-104)
exhibited low fluctuations (RMSF <1.5 A), indicating structural stability
during simulations. In contrast, loop regions distal to the binding site
showed higher flexibility (RMSF up to 3.8 A). Notably, Trp-86 main-
tained an RMSF of 1.2 + 0.3 A, corroborating its role as a stable anchor
point for acetamiprid binding. Hydrogen bond occupancy analysis
revealed persistent interactions between acetamiprid and Trp-86
(86 %), while transient interactions with Ser-81 (31 %) and Lys-10
(45 %) were observed (Fig. 8e). These results validate the docking
predictions and underscore the critical role of Trp-86 in neonicotinoid
binding.

4. Conclusions

This work offers the first “field-to-cup” picture of how acetamiprid
behaves in Rizhao green-tea production, uniting season-resolved dissi-
pation trials, four-stage processing tests and atomistic DFT-docking
analyses in one workflow. We show that dissipation follows first-order
kinetics whose half-life is strongly season- and dose-dependent; in
particular, warmer, brighter autumn weather shortens half-lives to
2.36-4.81 days, whereas cooler spring conditions prolong them to
4.65-5.54 days—insight that justifies longer pre-harvest intervals in
spring to curb residues. Within the factory, drying proves to be the
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critical bottleneck: its high temperatures concentrate residues (PF
2.63-2.99), whereas fixation disperses them (PF <1). GC-MS detects six
transformation products, two newly characterised here and already
chronically toxic to aquatic biota (Daphnia ECso 45.2 mg L'; green algae
ECso 62.7 mg L), underscoring ecological risks even when acute
toxicity drops. Mechanistic modelling further reveals a stable
—5.5 kcal mol™! binding of acetamiprid to insect nAChRs, anchored by
Trp-86 and Lys-10, clarifying its neuroactive pathway. Taken together,
these integrated data argue for coordinated interventions—fine-tuning
drying profiles to limit residue build-up, aligning harvest schedules with
seasonal kinetics, and expanding routine monitoring to include trans-
formation products—so that tea production can balance pest control,
food safety and ecosystem health while advancing pesticide-risk science.

Environmental implication

This study reveals that acetamiprid, a widely used neonicotinoid
pesticide, poses ecological risks through environmental persistence (soil
half-life: 6.3-9.5 days) and processing-driven residue accumulation.
Thermal drying concentrates residues, while degradation generates
chronically toxic byproducts (e.g., 6-chloronicotinaldehyde) with po-
tential impacts on aquatic ecosystems. Seasonal variations accelerate
degradation but require tailored harvest intervals to minimize leaching
risks. Molecular insights highlight stable binding to insect neuro-
receptors, threatening pollinators. The findings advocate for optimized
agronomic practices—seasonal scheduling, enzymatic detoxification,
and strict monitoring of transformation products—to mitigate contam-
ination in tea agroecosystems and safeguard biodiversity.
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